ABSTRACT Seedlings of three elm species with variable susceptibility to the elm leaf beetle (Pyrrhalta luteola Mü ller) (Coleoptera: Chrysomelidae) were subjected to three water stress treatments (no stress, low stress, and high stress) in a greenhouse experiment. The species tested were Ulmus pumila L. ), some of which had previously been implicated in resistance to the elm leaf beetle. Density of leaf abaxial surface trichomes (simple, bulbous, and total trichomes) and foliar Fe and Mg concentrations increased signiÞcantly in the highly susceptible Siberian elms under water stress. In contrast, stress reduced trichome density in the moderately susceptible American elms, but it had no effect on levels of foliar mineral nutrients. The stress treatments had no inßuence on host traits in the resistant Chinese elms. The results suggest that environmental stress can alter plant traits that are likely involved in determining resistance of elms to the elm leaf beetle.
Elm trees (Ulmus species) growing in urban landscapes are frequently defoliated by the elm leaf beetle Pyrrhalta luteola Mü ller (Coleoptera: Chrysomelidae) (Kielbaso and Kennedy 1983, Neilsen et al. 1985) . Adults and larvae of P. luteola defoliate both young and mature elm leaves, signiÞcantly reducing tree aesthetic value and predisposing trees to other stresses. In dry and windy environments like east central Arizona, Siberian elm (U. pumila L.) is widely planted because it is one of the very few trees that thrive in the urban landscape without supplemental irrigation. However, Siberian elm and hybrids with Siberian elm parentage are highly susceptible to elm leaf beetle defoliation (Miller 2000 , Miller and Ware 2001a , b, 2002 , Miller et al. 2003 .
In the mid-1990s, Northern Arizona University initiated an elm research project in the city of Holbrook, AZ, to evaluate susceptibility or resistance of various elm taxa to elm leaf beetle attack and to provide alternatives to planting of Siberian elm. Thirty-two elm taxa were established in an experimental plantation in Holbrook under urban environmental conditions; they were evaluated for 6 consecutive yr for susceptibility to elm leaf beetle defoliation. Species and hybrids resistant to elm leaf beetle attack included Chinese elms (U. parvifolia Jacq.), as well as four species of the Ulmus davidiana Planch. complex: David elm (U. davidiana); Japanese elm (U. japonica Sang.); Wilson elm (U. wilsoniana Schneid.); and corkbark elm (U. propinqua Koidz.). Although American elms (U. americana) are generally intermediate in resistance, the American elm cultivar Valley Forge was highly resistant to elm leaf beetle attack (Bosu 2003) .
Further evaluation of potential anatomical and nutritional traits to identify speciÞc mechanisms of resistance showed modest negative correlations between susceptibility (percent defoliation) and leaf trichome density, plus foliar concentrations of iron (Fe) and phosphorus (P) (Bosu 2003) . This study was designed to investigate the effects of environmental stress on these host traits that have been implicated as possible resistance mechanisms in elms against the elm leaf beetle.
It is widely believed that environmental stress reduces plant resistance to herbivores (Mattson and Haack 1987 , Wallner 1987 , Miller et al. 1989 , Shepherd et al. 1989 . Many investigators have artiÞcially induced stress and measured the response of herbivores to stressed versus nonstressed hosts (Waring and Cobb 1992, McMillin and Wagner 1995) . Studies indicate that trichome-bearing plants may increase or decrease leaf surface trichomes under stress conditions, which may lead to signiÞcant changes in their suitability to herbivores. For example, Gravano et al. (1998) reported that salt stress accelerated trichome development and increased the number of trichomes per unit area on leaves of mock privet (Phillyrea latifolia). Perez-Estrada et al. (2000) reported signiÞcant positive correlations between trichome density on wigandia (Wigandia urens) leaves with increased temperature and higher photosysnthetic active radiation. Trag et al. (2001) reported trichome features and density on leaves of Chinese apple (Ziziphus mauritiana) from areas exposed to thermal power plant emissions versus nonpolluted areas. They found that the length and density of leaf surface trichomes were signiÞcantly lower under air pollution stress than in the nonpolluted area.
The relationships between foliar nutritional characteristics and host resistance has received considerable attention in recent years. Lyytikainen (1993) found negative correlations between sawßy (Neodiprion sertifer and Gilpinia pallida) (Hymenoptera: Diprionidae) performance indices (larval periods, relative growth rates, cocoon weights) and concentrations of Mg and Pb in Pinus sylvestris needles and positive correlations with foliar levels of P, Cu, and Zn. Analysis of foliar mineral concentration in various teak (Tectona grandis) clones in India showed signiÞcantly higher concentration of P, Ca, and Mg in resistant clones compared with susceptible clones (Sharma and Bhargava 1998) . Clancy (2001) reported that interior Douglas Þr (Pseudotsuga menziesii variety glauca) trees that are resistant to defoliation by the western spruce budworm (Choristoneura occidentalis) had higher foliar concentrations of N and sugars and lower mineral/N ratios for P/N, K/N, Mg/N, and Zn/N compared with paired susceptible trees. Furthermore, seedlings of the resistant Douglas Þrs grown in soil inoculated with the ectomycorrhizal fungus Laccaria bicolor had signiÞcantly higher foliar concentrations of P and Mg compared with inoculated seedlings from the susceptible trees (Palermo et al. 2003) .
We measured the impact of stress treatment on leaf surface trichomes and foliar nutrient concentration. Consequently, we subjected three elm species (U. pumila, U. americana, and U. parvifolia) to artiÞcial water stress and measured the impact of the stress treatment on the selected host traits. We attempted to predict how the different elm species might affect elm leaf beetle population dynamics under similar environmental conditions.
Materials and Methods
Stress Treatments. The elm seedlings used for this study were obtained from a commercial nursery in March 2002. The seedlings were between 2 and 4 yr old and 30 and 45 cm high at the time of planting. The seedlings were planted in 5-gal pots, fertilized, and maintained using standard nursery practices at the Northern Arizona University Research Greenhouse Complex. In March 2003, water stress treatments were applied using a three (species) by three (stress level) factorial design. The three Ulmus species used were U. pumila L. (Siberian elm), U. parvifolia Jacq. (Chinese elm), and U. americana L. (American elm). Of the three, Siberian elm was the most susceptible to elm leaf beetle defoliation. Chinese elm was the least susceptible (Resistant), whereas American was intermediate in susceptibility. This classiÞcation was based on a number of bioassays carried out by various investigators (Miller 2000 , Miller and Ware 2001a , b, 2002 , Miller et al. 2003 and supported by our own assessments in the Þeld (Bosu 2003) . Thirty seedlings of each of the three elm species were selected and assigned randomly to one of three water stress treatmentsÑno stress (watered every 2Ð3 d), low stress (watered once every 7 d), and high stress (watered once every 14 d). Watering was carried out by drenching the seedlings with tap water at Ϸ0700 hours in the morning of the designated day for watering. Thus, there were 10 seedlings per species per stress level, totaling 90 seedlings. Water stress treatments were applied from 29 March through 18 July 2003. Predawn water potential was measured on three dates (26 April, 24 May, and 5 July) using a Scholander pressure chamber (PMS, Corvallis, OR) (McMillin and Wagner 1995). On each date, Þve seedlings per treatment (species/stress level combination) were selected randomly for measurement of leaf predawn water potential. Three new and fully expanded leaves two to Þve whorls down the terminal shoot were selected for measurement of predawn water potential. The average predawn water potential of the three leaves were taken and used as the predawn water potential for the particular plant.
On 18 July, leaf samples were randomly collected from the seedlings and processed for scanning electron microscope (SEM) and chemical analyses.
Analysis of Leaf Trichome Density. One leaf was sampled from four plants randomly selected from each of the nine treatments (9 treatments ϫ 4 replicates) for SEM analysis at the Electron Microscope Facility, Northern Arizona University. Each leaf sample was immediately cut with a pair of dissection scissors to approximately a 1-cm 2 piece, encompassing at least the midrib, and placed in a glass vial containing 4% glutaraldehyde Þxative and 0.01M sodium cacodaylate buffer solution at a pH of 7.2 (St-Laurent et al. 2000 , Bosu 2003 ) before processing for SEM observation. The samples were dehydrated in an ethanol series (25, 50, 70, 95 , and 100%), critical point dried using carbon dioxide, mounted, and gold-plated with a sputter coater. Observations of trichome types and density were made on a scanning electron microscope (LEO 435 VP, 15 kV) on the abaxial leaf surface.
Analysis of Foliar Nutritional Components. Five plants per treatment were used to give a total of 45 sample units. Leaf samples were collected in July 2003 and oven dried at 70ЊC. The dried leaf samples were ground, and Ϸ150 mg of each sample was weighed and processed for analyses of mineral nutrients at the Northern Arizona University Analytical Services Laboratory. Total Khjeldal nitrogen (N) and phosphorus (P) concentrations were analyzed colorimetrically. Five other mineral elements, potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), and manganese (Mn), were analyzed by ßame atomic absorption spectroscopy (FAAS) (Clancy et al. 1988) .
Data Analyses. Two-way analysis of variance (ANOVA) was used to analyze the effect of the stress treatments on elm seedlings for the three dates on which water potentials were measured. Before ANOVA, data were evaluated for homogeneity of variance, and where necessary, transformed using log(x ϩ 1). Data on trichome density were also analyzed by two-way ANOVA. The nutrient data were subjected to multivariate ANOVA (MANOVA), which was followed by univariate tests. The P value to reject the null hypothesis was set at 0.05 in all cases, and all signiÞcant means were separated by TukeyÕs honestly signiÞcant difference. Analyses were done using JMP Statistical Software (Sall et al. 2001) .
Results and Discussion
Influence of Stress Treatments on Water Potential. Results of predawn water potential measurements indicated that the treatment was successful in signiÞ-cantly altering the water potential of the elm seedlings (Table 1 ). The two-way ANOVA detected highly signiÞcant effects of stress, as well as species differences, during the Þrst 8 wk after application of stress treatments (Table 1) . Four weeks after the treatments were initiated, water potential was signiÞcantly lower in high-stress than in low-or no-stress seedlings of Siberian elm (Fig. 1) . Water potential was also significantly lower in high-stress Chinese elms than no stress seedlings. By week 8, water potential differed signiÞcantly among all three stress levels in Siberian and Chinese elms, whereas in American elm, the difference in treatment effect was only between highstress and no-or low-stress, but not between no-and low-stress seedlings (Fig. 1) . By week 14, the two-way ANOVA indicated a signiÞcant stress effect, but no differences among species (Fig. 1) . Peak mean (overall) moisture stress readings at the time of sampling leaves for SEM and chemical analyses were as follows: no stress (Ϫ0.68 MPa), low stress (Ϫ0.89 MPa), and high stress (Ϫ1.21 MPa).
Influence of Stress on Trichome Density. Two types of leaf abaxial surface trichomes were detected on both the stressed and the no-stress elm seedling: bulbous "glandular" trichomes and simple "hair-like" trichomes (Fig. 2) . The simple trichomes were further subclassiÞed into simple "long" and simple "short" trichomes. These trichome types were similar to those previously detected on 20 elm taxa, including Siberian, American, and Chinese elms, in an experimental plantation in the city of Holbrook, AZ (Bosu 2003) . SigniÞcant interactions were detected between elm species and stress level for bulbous trichomes, simpleshort trichomes, total simple trichomes, and total (overall) trichomes (P Ͻ 0.001, Table 2 ). The mean density of total simple trichomes (simple-long and simple-short pooled; mean Ϯ SEM) in Siberian elm increased signiÞcantly from 1.9 Ϯ 2.8/mm 2 in seedlings under the no-stress condition to 12.5 Ϯ 2.8/mm 2 under low stress and 11.3 Ϯ 2.8/mm 2 in high-stress seedlings (Fig. 3A) , implying that water stress increased density of simple trichomes in Siberian elm. However, the stress treatment reduced density of simple trichomes in American elm (Fig. 3A) . However, only the difference between no-stress and high-stress differed signiÞcantly (P Ͻ 0.05). The stress treatment did not inßuence development of simple trichomes in Chinese elm. The stress treatment also caused a signiÞcant increase in the development of bulbous trichomes in Siberian elm (Fig. 3B) . The density of bulbous trichomes in no-stress Siberian elm seedlings (28.8 Ϯ 2.9/mm 2 ) differed signiÞcantly from seedlings under low (50.0 Ϯ 2.9/mm 2 ) and high (46.3 Ϯ 2.9/ mm 2 ) stress. Although water stress caused a reduction in the development of bulbous trichomes in American elms, the magnitude was very small and not statistically signiÞcant. The treatment had no inßuence on Chinese elm (Fig. 3B) . The water stress treatment signiÞcantly increased total trichomes in Siberian elm, decrease in American elm, and had no inßuence in Chinese elm (Fig. 3C ).
The stress treatment caused an increase in the development of bulbous, simple, and total (overall) trichomes in Siberian elm but a decrease in American elm (Fig. 3) . However, it did not seem that the time lag between treatment application and its impact on leaf water potential inßuenced the observed changes in trichome density or nutrient concentrations in the elm species. For instance, the response pattern to water stress treatments was similar for Siberian and Chinese elms (Fig. 1) . However, water stress signiÞ-cantly inßuenced trichome density and Fe and Mg levels in Siberian elm seedlings, but it had no inßuence on Chinese elm. Despite the delayed water potential response to the water stress treatments, trichome density was signiÞcantly inßuenced by the stress treatment.
Effects of Water Stress on Foliar Nutrient Concentration. The high water stress caused a signiÞcant increase in the concentration of Fe and Mg in Siberian elm but not in American or Chinese elms (Fig. 4) . The results suggest that different species, even if they are taxonomically related, may respond differently to the same stressing agent. Although concentrations of Fe and Mg in Siberian elm increased three-to Þve-fold under high water stress, the effect of the low stress did not differ from the control, implying that the magnitude of the stress agent together with the host taxa are important in responding to stress.
MANOVA testing detected signiÞcant effects of species (F 12,62 ϭ 21.8, P Ͻ 0.001), stress (F 12,62 ϭ 7.7, P Ͻ 0.001), and the interaction between species and stress level (F 24,109 ϭ 4.9, P Ͻ 0.001) on foliar nutritional concentrations of the three elm species. Univariate ANOVA testing showed signiÞcant variation (P Յ 0.005) in the concentrations of nutrients among the three species, except for K (Table 3) . Mineral/N ratios also varied among the species (P Ͻ 0.001), except Mg/N ratios. Concentrations of Fe were significantly inßuenced by stress (P Ͻ 0.001) and the interaction between species and stress inßuenced both Fe (P Ͻ 0.001; Fig. 4A ) and Mg (P Ͻ 0.001; Fig. 4B ) and the ratios Fe/N (P Ͻ 0.001) and Mg/N (P Ͻ 0.012). Foliar Fe concentration in Siberian elm was 76 Ð78 g/g in no-stress and low-stress seedlings, but it increased Þve-fold to 398 g/g in high-stress seedlings. Similarly, Mg in Siberian elm increased threefold, from 1.14 mg/g in no-stress seedlings to 3.26 mg/g in high-stress seedlings (Fig. 4B) . Concentration of Mg in stressed seedlings was lowered in both American and Chinese elms but the magnitude was small and not statistically signiÞcant. The lack of signiÞcant inßuence of the low-water stress treatment on foliar Fe and Mg concentrations in Siberian elm and the three-to Þve-fold increases under high stress condition show how the magnitude of a stressing agent can impact a particular host trait. Also, the lack of a signiÞcant inßuence of the water stress treatment on American and Chinese elms shows how taxonomically related species may respond differently to the same stress condition. Perhaps the most challenging aspect of this study is how the results may be used to reasonably predict elm leaf beetle responses when they are exposed to seedlings under conditions similar to our experimental treatments. Unfortunately, we could not evaluate elm leaf beetle preference and performance in this study because of beetle population crash in 2002. However, based on data from our earlier experiments and information from the literature, we can make some reasonable predictions on how elm leaf beetle response pattern is likely to be under our experimental conditions.
In our previous study (Bosu 2003) , we showed weak but signiÞcantly positive correlations between certain host plant traits (trichomes, Fe, P, and Mn) and elm resistance to elm leaf beetle. However, by using stepwise multiple regression analysis, we showed that these host traits collectively explain much more variation in host resistance. Of the three species studied, Siberian elm is the most susceptible, Chinese elm is the least susceptible, whereas American elm is intermediate, with 3-yr mean percent defoliation of Þeld grow- ing elms being 0.1, 2.6, and 18.8%, respectively (Bosu 2003) . The results of this study indicated that the levels of some of the host traits previously implicated in resistance (trichome density and Fe, Bosu 2003) increased in Siberian elm under high water stress, implying that high water stress might lower the preference of elm leaf beetles for Siberian elm.
However, the decline in trichome development in American elm should make water-stressed seedlings more susceptible to elm leaf beetles than unstressed seedlings. Brießy, the results of this study tend to suggest that water stress can increase, decrease, or have no inßuence on susceptibility of elms to elm leaf beetle defoliation, depending on the elm taxa. This apparent lack of uniformity in the magnitude and direction of water stress effects on insect response is not an isolated incident. The argument that environmental stress always increases the susceptibility of plants to insects, otherwise known as the plant stress hypothesis (White 1974 (White , 1976 (White , 1993 , has not received universal acclaim. Evidence in support of this hypothesis is largely circumstantial (Mattson and Haack, 1987, Larsson, 1989) , and the argument has been advanced that correlations between outbreaks and stressful conditions do not necessary imply cause and effect relationship. It has become quite clear in the scientiÞc literature that the factors that determine the response of an herbivore to a stressing agent are varied, and the mechanisms are complex (reviews by Waring and Cobb 1992, Koricheva et al., 1998) . Waring and Cobb (1992) reviewed the literature on the impact of stress on herbivore population dynamics and found that responses depended on whether plants were experimentally stressed or naturally stressed by drought or chronic water stress. They found that most herbivores responded negatively to experimentally or artiÞcially induced plant water stress (51% of 99 cases), whereas a majority of herbivores respond positively to naturally water stressed plants (68% of 75 cases). In addition, effects of plant type and herbivore feeding guild seemed to inßuence herbivore responses to water stress. In their review, Waring and Cobb (1992) found three studies in which resistance traits were diminished by water stress treatment and four in which the differences in herbivore responses to resistant and susceptible plant lines increased.
In their meta-analysis of 70 experimental studies in which insect performance was measured on stressed woody plants, Koricheva et al. (1998) concluded that the overall effects of insect performance on plant stress were either small or nonsigniÞcant. They also found great variation in the magnitude and direction of insect responses among studies most of which were related to insect feeding guild. Additionally, insect developmental stage, feeding specialization (specialists versus generalists), type of stress (water, pollution, etc.), duration and timing of stress, and type of experiment (Þeld versus laboratory), among others, play a crucial part in determining the magnitude and direction of insect response to stressed plants.
In summary, the discrepancies discussed in this study clearly show how difÞcult it is to make generalizations about elm leaf beetle feeding response pattern to stressed elm plants. We note that under similar environmental stress conditions resistant host traits in individual elm taxa are differentially altered. Thus, it is logical to argue that insect response to stressed elm host would vary depending on the elm taxa. However, as a result of our inability to conduct insect bioassay in this study, we caution that the conclusions be interpreted with the utmost caution.
